As atmospheric CO2 levels rise, the development of physical or chemical adsorbents for CO2 capture and separation is of great importance on the way towards a sustainable low-carbon future. Porous organic polymers are promising candidates for CO2 capture materials owing to their structural flexibility, high surface area, and high stability. In this review, we highlight high-performance porous organic polymers for CO2 capture and summarize the strategies to enhance CO2 uptake and selectivity, such as increasing surface area, increasing interaction between porous organic polymers and CO2, and pore surface functionalization.
Introduction
With the increase in global CO2 levels, it has become more important than ever to reduce anthropogenic emissions. The amount of carbon dioxide (CO2) in the atmosphere has been growing, resulting in unparalleled cumulative CO2 emissions, provoking an undesirable greenhouse gas effect. It is becoming more and more critical to develop cost-effective and practical approaches to reduce the CO2 emissions. Two prospective pathways to resolve this enduring challenge have been considered: (1) CO2 emission reduction from flue gas sources where CO2 concentration ranging from 10% to 15%; (2) direct air capture (DAC) to remove CO2 from air, which is another alternative way to reduce greenhouse gas content globally [1] [2] [3] . The DAC strategy is relatively more challenging than post-combustion capture, but it is recognized to be practical if suitable adsorbents with optimum uptake, stability, selectivity are available [3] .
As CO2 capture materials, numerous solid adsorbents such *Corresponding author (email: zhouh@tamu.edu)
as metal-organic frameworks (MOFs) [4, 5] , porous silica and carbon materials [6] [7] [8] [9] , ionic liquids [10] and porous organic polymers (POPs) [11] [12] [13] have been developed. Many of the current batches of materials have various difficulties that must be overcome in order to develop a new kind of commercially viable material. MOF species are sensitive to hydrolysis due to their metal-ligand interactions [5] . MOFs also require metal salts and multi-step ligand syntheses that can be cost-prohibitive for a commercially viable CO2 scrubber system. Activated carbon species maintain a robust character, however, most of these materials do not have a high surface area and affinity for CO2. Current research has attempted to introduce high CO2 adsorption functionality, either through adsorption of amine groups into the pores of the carbon or silica [7, 8] , or through the production of metal doped carbons [9] . However, amine groups generally have low affinity towards activated carbon, and amine leaching remains a serious problem [8] . Meanwhile, many metal-doped systems can be made from the pyrolysis of MOFs which requires the same extensive synthesis as MOF sorbents in addition to an extra pyrolysis step. While ionic liquids often have CO2 uptake greater than 1 mole of CO2 per mole of sorbent, per mass uptake is generally lower than that of alkane solvents, as most viable ionic liquids have fairly high molar masses [14] . Therefore, optimum porous sorbents integrating high CO2 uptake and selectivity, excellent physicochemical stability, and low cost cry out for development. POPs are a new class of porous materials, which can be constructed with lightweight elements (C, N, and H) and linked by strong covalent bonds . The POP materials have exhibited a high flexibility for the molecular design of skeletons and nanopores. Various chemical reactions, building blocks and synthetic methods can be employed for the design and synthesis of POPs. A great number of reactions, such as the Suzuki-Miyaura coupling reaction, Yamamoto-type Ullmann cross-coupling reaction, Sonogashira-Hagihara reaction, Buchwald-Hartwig amination reaction, Schiff-base reaction, and Friedel-Crafts arylation reaction et al. have been well developed for the synthesis of POP materials. In addition, a variety of building blocks ranging from simple phenyl units to extended arenes, heterocyclic aromatic units and large macrocycles have been developed for the synthesis of POPs. Combining the wide availability of chemical reactions and abundant sources of building blocks, thousands of POP materials have been successfully designed and developed. In broad terms, the POPs can include many kinds of porous materials, such as porous polymer networks (PPNs) [11] , conjugated microporous polymers (CMPs) [12, 13] , polymers of intrinsic microporosity (PIMs) [15, 22] , porous aromatic frameworks (PAFs) [25] , hyper-cross-linked polymers (HCPs) [28] , covalent organic frameworks (COFs) [31, 37] , and covalent triazine frameworks (CTFs) [43, 45] .
POP materials have attracted a great amount of attention for CO2 capture due to their structural flexibility, high surface areas, low density, and excellent stabilities. In this review, we highlight some highly efficient POP materials for CO2 adsorption, summarize general strategies to enhance CO2 uptake, and make an outlook for the future in this filed. Throughout this review, POP materials will be analyzed according to their ability to preferentially uptake CO2.
General strategies to enhance CO uptake in POPs
In the last decade, there has been a great number of POPs reported in terms of CO2 uptake over a range of different pressures and temperatures [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . As shown in Table 1 , we [33] summarized most POP materials with significant performance for CO2 capture. Although many factors can influence the CO2 uptake performance, three strategies are usually employed to increase the CO2 capacity in POP materials. (1) Increasing the surface area of POP materials to provide more space for guest molecules; (2) increasing the interaction energy between sorbent and sorbate; (3) pore surface functionalization to provide an ideal pore surface environment and pore size for CO2, therefore it is preferentially adsorbed over other competing species.
Increasing surface areas
POPs have some of the highest surface areas of porous materials reported to date. Their highly porous character makes them an ideal candidate for CO2 capture applications.
To the best of our knowledge, the polyphenylene material PPN-4 [21] with a Brunauer-Emmett-Teller (BET) surface area of 6460 m 2 g −1 is the highest among all known POP materials ( Figure 1 ). As a result, it exhibits a significant CO2 uptake of 38.86 mmol g −1 at 295 K and 50 bar. Similarly, PAF-1 is also well known resulting from its ultrahigh BET surface area (5600 m 2 g −1
) and shows high-pressure CO2 uptake of 29.55 mmol g −1 at 298 K and 40 bar. However, PAF-1, under 1 bar of CO2 at 298 K, only has a CO2 capacity of 1.09 mmol g −1 , which is quite low compared to other less porous POP materials [25] .
This poor performance at low pressures is likely due to the relatively large pores and low CO2 interaction energies of these materials. In addition, a variety of other POPs with BET surface areas higher than 3000 m 2 g −1 also give relatively low CO2 uptake at atmospheric pressure even if they achieve high capacity at elevated pressures. For example, both adamantine [26] and triptycene [27] based POP materials which exhibit high surface areas, exhibited very low CO2 capacities of 1.72 and 4.14 mmol g −1 at 298 K and 1.13 bar, respectively. With BET surface areas over 1500 m 2 g −1
, HCPs have significant CO2 uptakes at 30 bar and 298 K. For example, HCP-1, HCP-2, HCP-3, and HCP-4 exhibit CO2 capacities up to 13.3, 12.6, 11.6 and 10.6 mmol g −1 , respectively. However, as seen for the ultrahigh-surface-area networks discussed above, HCPs give CO2 uptakes at 1 bar which are quite low (1.6-1.7 mmol g −1 at 1 bar and 298 K) [28] . In conclusion, the high surface area is very important for CO2 capture, but other factors including pore size and affinity are also essential to enhance the uptake capacity and selectivity towards CO2. However, most of the synthesized POPs until now are amorphous materials and it is still a challenge to prepare POPs with a desired pore size.
Interaction between POPs and CO2 molecules
Post-synthetic modification of POP materials has been proven an effective approach to increase the enthalpy of CO2 adsorption, thus further enhancing the amount of CO2 adsorption [12, 13] . The effects of various functional groups on adsorption enthalpies have been well explored based on a series of conjugated microporous polymers (CMPs, Figure 2 ) [29] . Compared with hydroxyl group (CMP-1-(OH)2), amine (CMP-1-NH2), and carboxylic acid (CMP-1-COOH) functionalized CMP materials, the non-modified CMP-1 showed a lower heat of adsorption (Qst), while no significant increase was observed for the nonpolar methyl units (CMP-1-(CH3)2). However, the increase in adsorption enthalpy from 27 kJ mol −1 in CMP-1 to 33 kJ mol −1 in CMP-1-COOH did not successfully enhance the CO2 uptake capacity due to the accompanied 38% decrease in the BET surface area values. The increase in adsorption enthalpy does suggest that the introduction of polar functionalities into POPs can achieve high CO2 uptake capacities if the post-synthetically modified material can maintain high surface area values.
PPN-6, with a BET surface area as high as 4023 m
, was seen as an ideal candidate to test the post-synthetic polar functionalization of POPs for CO2 uptake. By combining the material's inherently high surface area with the strengthened CO2 adsorption enthalpy of a polar functionalized material, low pressure CO2 uptake levels significantly increased. After sulfonation with chlorosulfuric acid, the BET surface area of PPN-6-SO3H decreased to 1254 m 2 g −1 ( Figure 3 ) [30] . However, the CO2 capacity at 295 K and 1 bar increased from 1.16 mmol g −1 in PPN-6 to 3.60 mmol g −1 in the functionalized PPN-6-SO3H. The CO2 capacity could be increased even more by post-synthetically modifying PPN-6-SO3H to PPN-6-SO3Li to give a CO2 capacity of 3.70 mmol g −1 with Qst value of 35.7 kJ mol −1 . When diethylenediamine (DETA) was tethered on the surfaces of PPN-6, the BET surface area of the resulting PPN-6-CH2DETA decreased to 555 m 2 g −1 (Figure 4 ) [11] . Meanwhile, the CO2 uptake capacity increased to 4.30 mmol g −1 at 295 K and 1 bar, which is the highest value reported among all the POP materials under the same conditions. More importantly, the amine tethered PPN-6-CH2DETA networks also exhibited high adsorption value of CO2 at low pressure (0.15 bar).
The two-dimensional (2D) [HO]X %-H2P-COFs (X=25, 50, 75 and 100) were functionalized by succinic anhydride to produce a series of [HO2C]X %-H2P-COFs with controlled carboxylic acid density ( Figure 5 ) [31] . The carboxylic acid content in the pores can be tuned by changing the ratio of phenolic hydroxyl group in a three-component polymerization reaction Increasing the nitrogen content in POP materials can also be helpful for the enhancement of the CO2 capacity. The benzimidazole-linked polymers (BILPs) BILP-3 and BILP-6 exhibited CO2 uptakes as high as 5.11 and 4.80 mmol g −1 at 298 K and 1 bar, respectively [32] . In addition, the triazole-based POP material showed good CO2 capacity of 2.20 mmol g −1 at 298 K and 1 bar; the CO2 capacity of PECONFs was reported as 2.47 mmol g −1 under the same conditions [33] . Porphyrins have also been shown to be ideal building blocks for POP materials with increased levels of nitrogen content. The porphyrin-based Fe-POP-1 exhibited an exceptional CO2 capacity of 4.30 mmol g −1 at 273 K and 1 bar [34] . In addition, the carbazole-based microporous CPOP-1 has a BET surface area up to 2220 m 2 g −1
, and a CO2 capacity of 4.82 mmol g −1 at 1 bar and 273 K ( Figure 6 ) [35] . After post synthetic modification with nitrobenzene, the adamantane-based POP shows a CO2 uptake of 2.19 mmol g −1 Figure 6 Synthetic route to microporous polycarbazole CPOP-1 [35] .
at 298 K and 1 bar [36] .
The N/O doped HAT-CTF-450/600 has N content as high as 32.8% and O content of 9.4% [43] . Combining the synergistic effects of abundant N/O doped CO2-philic sites with the microporous structure (<0.6 nm), the HAT-CTF-450/600 exhibited an ultra-high CO2 uptake of 6.3 mmol g −1 at 273 K and 1 bar. More interestingly, this HAT-CTF-450/600 has a high CO2 uptake of 3.0 mmol g −1 even at 273 K and 0.15 bar. The covalent triazine framework (CTF) is also one kind of nitrogen-rich porous polymers. The C3N3 ring within the CTFs offers a nitrogen-rich environment, which enhances the affinity for CO2 capture. Therefore, the PCTF-4 has a BET surface area of 1404 m 2 g −1 and CO2 uptake as high as 4.7 mmol g −1 at 273 K and 1 bar [45] .
Pore surface functionalization
Pore surface functionalization, precisely tuning the pore size, pore shape, and pore environment, is another useful strategy to enhance the CO2 uptake for POPs. By incorporating functional groups or guest molecules, the pore size of POPs can be tuned to the size of the kinetic diameter of CO2 in order to trigger multiple interactions between CO2 and the network surface. This strategy has been successfully tested and applied for CO2 adsorption in many POP materials, such as CMPs, COFs and other porous polymers. Whereas, the tuning of pore sizes generally cannot be observed from the N2 sorption isotherms at 77 K due to the disordered structure of POP skeletons. The kinetic diameter of N2 is larger than that of CO2, thus the pore sizes accessible to CO2 will not be readily detected by N2 sorption measurement.
However, crystalline COF materials can be modified with various functional units, with a concomitant decrease of pore sizes. Interestingly, owning to the crystalline structures, this tuning of pores sizes can be well characterized using N2 sorption isotherm. The imine-linked [HC≡C]X%-H2P-COFs (X=25,50, 75, and 100) were synthesized to bear content-tunable, accessible, and reactive acetylene units on the surface of the uniform channels ( Figure 7 ) [37] . After click reactions with a series of functional azide units, the pore sizes could be decreased from 2.5 nm to 2.3, 2.1, 1.9, and 1.6 nm as the X value was increased from 0 to 25, 50, 75, and 100, respectively. The amine functionalized [EtNH2]50-H2P-COF exhibited a CO2 capacity of 3.50 mmol g −1 at 273 K and 1 bar, the highest recorded value amongst modified COFs. This strategy enables the development of many tailor-made COFs with systematically tuned porosities and functionalities while retaining the crystallinity.
3 General strategies to increase selectivity of CO 2 The design of POP materials not only needs to be concerned with the uptake capacity of CO2, but also the selectivity of CO2 over other gas species in order to be a viable carbon capture material. Power plant flue gas usually consists of N2, CO2, H2O, excess O2, small quantities of SOx and NOx, and in the case of coal fired plants, particulate matter. Leading adsorbent materials should selectively adsorb CO2 over all other gases or particulates to achieve an effective separation. There have been a number of methods to evaluate the selectivity of sorbent materials from the pure gas isotherm. The most widely used method of calculating the selectivity of porous sorbent materials is to divide the adsorption capacity of all gases measured from pure gas isotherms at a set of partial pressures. For instance, the capacity of CO2 at 0.15 bar divided by the adsorption of N2 at 0.85 bar can give out an estimate of CO2 over N2 selectivity for post-combustion gas capture. Generally, at low coverage of uptake isotherms, the adsorption is consistent with Henry's law, the slope value can be utilized to provide a more accurate estimation. The ideal adsorbed solution theory (IAST) has been widely proven to be a useful method, giving excellent agreement with selectivity calculated from gas mixtures for a great variety of porous materials. The IAST selectivity of CO2 over N2 for a number of POP materials has been summarized in Table 1 .
In order to increase the selectivity of CO2 capture, the high quadrupole moment of CO2 molecule can be used as an effective pathway to attain high CO2 selectivity on account of the strong adsorbate-adsorbent interactions. Generally, the introduction of heteroatoms into the skeletons of POPs is a powerful way to increase the isosteric heat of adsorption between sorbent and sorbate. A number of heteroatoms, including nitrogen, oxygen, sulphur and phosphorus atoms, have been merged into POPs to increase the selectivity of CO2. For example, the CPOP-1 exhibits high selectivity for CO2/N2 (25) , which can be ascribed to the electron-rich nitrogen atoms in the network and high charge density on the nitrogen sites, which could strengthen the dipole-quadrupole interaction between polarizable CO2 molecules [37] .
Amongst BILP materials, BILP-2 showed the highest selectivity (CO2/N2=17:1) at 298 K as calculated according to the Henry's law [50] . However, another BILP material, has the highest CO2 capacity, exhibited a very low selectivity. The PECONF not only showed a similar trend towards an inverse relationship between CO2 selectivity and CO2 uptake, but exhibited very high selectivity [33] . This balance between the CO2 uptake capacity and CO2 selectivity is a common occurrence. POP materials with the highest CO2 capacity usually exhibit much lower selectivity than those with lower capacities. However, there are still some special POP materials, which do not follow this trend. For example, the amine-tethered PPN-6 has showed great potential to combine high capacity, high selectivity, and high stability for practical flue gas adsorption [11] .
In the real flue gas stream, there are also the co-adsorption of other species existing, such as sulfur dioxide, nitrogen dioxide, and water. All of the competing sorbates may back up the sorption sites so as to decrease the CO2 uptake. The study of HCPs has exhibited that water molecules can compete with adsorbed CO2 when polar units are employed to enhance the enthalpy of CO2 uptake [51] . Whereas, the study of a hydrophobic POP material demonstrated that the CO2 capacity was not affected by the presence of water vapor [51] . These results prove that the CO2 sorption measure under dry conditions cannot give a detailed result in regard to the potential of a POP material for real flue gas uptake [52] [53] [54] .
Conclusions
POP systems show a remarkable tunability, by adjusting the physical and chemical parameters of POP materials CO2 capture ability becomes easy to install. Due to their status as organic polymers, there is an extensive library of synthetic organic reactions at the polymer chemists' disposal. This repertoire of organic reactions allows for multiple avenues of functionalization of the polymer. It has been demonstrated that high CO2 uptake capacities require increasing the adsorption enthalpy for CO2 on the polymer. Traditionally this has been accomplished through the introduction of basic functionality, generally amine based, but even systems such as sulfonate and carboxylates have shown promise increasing CO2 uptake capacity. POP materials also show promise with tunable structural parameters. Tailor-made pore shapes are possible with highly crystalline COF materials, and even amorphous POPs are beginning to be shape and size tunable. The distinct advantage of POP materials over similar porous materials lies in their relatively low cost. While many POP materials still utilize expensive noble metals for their synthesis, many newer POP syntheses are being carried out using low cost materials. In addition, high yielding reactions show a marked improvement in sample preparation compared to similar MOF materials, which often require extensive optimization to become material efficient in their synthesis.
CO2 capture technologies will be required in the coming decades in order to control the overall level of CO2 emissions into the atmosphere. POP materials are currently one of the standout materials for this application. Current results have already shown that POPs can be easily functionalized to give impressive CO2 uptake values. While CO2 selectivity and high uptake have historically proven to behave in an inverse fashion, material engineering has been responding to the problem, producing a few materials that show good CO2 selectivity at reasonable uptake percentages. There is also still little data on the effects of SOx and NOx species on the CO2 uptake. SOx and NOx are scrubbed out of most flue gas streams, however, many streams still maintain a small concentration of these gases. In order for POP systems to become commercially applicable the materials will need to show an ability to differentiate between these main group oxides. However, as a proof of concept, POPs have shown great promise in becoming the next generation of CO2 capture technology.
